ABSTRACT: Despite the widely accepted importance of herbivory as a determinant of reef benthic community structure, few studies have examined the relative contributions of individual species to ecosystem processes at the whole reef scale. This study quantifies the grazing impact of individual species of roving herbivorous fishes across an inner shelf fringing reef at Orpheus Island, Great Barrier Reef, Australia. Estimates of roving herbivore impact based on dawn to dusk observations of feeding rates, measurement of bite sizes and relative abundance revealed that the Orpheus Island system was dominated by 3 species: Scarus rivulatus, Chlorurus microrhinos and Siganus doliatus. The estimated impact of all 3 species varied significantly across the reef depth gradient, with the rate of disturbance peaking at the crest and decreasing significantly down the slope and across the reef flat. The estimated species-specific disturbance levels suggested that during the course of a single month 104% of a square metre area of the reef crest is grazed by S. rivulatus while 40% is subject to grazing by C. microrhinos. A total of 26 cm 3 of algal material is removed from the same area by S. doliatus. Overall, there was a 240-fold decrease in grazing activity across the reef flat from that at the crest. The pattern of grazing impact of the numerically dominant siganid and scarid fishes was negatively correlated with the distribution of macroalgae across the same reef gradient. The results of the current study provide support for the hypothesis that algal community structure is shaped by levels of herbivory.
INTRODUCTION
Herbivores are a primary determinant of coral reef community structure (Steneck 1988 , Choat 1991 and within this trophic grouping, reef fishes play a preeminent role (Mumby et al. 2006) . Herbivorous fishes are estimated to be responsible for removing between 20 and 90% of the net daily production of the algal community (Hatcher 1983 , Polunin & Klumpp 1992 , ensuring that its biomass turns over once every 4 to 25 d (Klumpp et al. 1987 , Klumpp & Polunin 1989 . The interaction between herbivores and algae is probably the largest trophic flux on reefs (Hatcher 1981 , Carpenter 1986 ) and historically this has been the context in which the importance of herbivory has been viewed.
Numerous experimental studies based on the exclusion of herbivores from areas of reef have demonstrated the importance of macroherbivores on algal standing crop and patterns of algal community succession (e.g. McClanahan 2003 , Russ 2003 . On a large scale, the effects of removal of herbivores by overfishing of reefs, particularly in the Caribbean, has further highlighted the importance of the role that the group plays in determining algal community succession and maintaining a healthy balance between corals and algae (Hughes 1994 , McClanahan et al. 2003 , Mumby et al. 2006 .
Recently, however, a new perspective on herbivory and the importance of herbivores on coral reefs has emerged. Literature examining the process of degradation experienced by many of the world's coral reefs has advocated a system-level approach to reef ecology (e.g. Nyström et al. 2000 , Bellwood et al. 2004 , Hughes et al. 2005 . The idea of a system-level approach is not new (see Hatcher 1983 , Steneck 1988 . However, the utility of the concept has been rediscovered as a framework for analysing the process of reef degradation and maintaining or enhancing reef resilience.
A system-level approach views reef dynamics in terms of a non-equilibrium environment with multiple stable states. Events such as global warming, eutrophication, or over-fishing have become re-cast as disturbance factors that have the potential to dislodge the system from its initial position and shift it to a new state (Nyström et al. 2000 , Bellwood et al. 2004 . The resilience of the reef system, therefore, reflects the size of disturbance that can be absorbed by the system without causing a shift to a new, usually undesirable state (Nyström et al. 2000) . Herbivores confer resilience to the extent that they exert a grazing impact that maintains a balance between corals and algae.
Herbivory from the system perspective is not just viewed as an overall process of energy transfer, but rather a composite function of the individual impacts that each herbivorous species has on the system. Thus, the ability of a reef to withstand disturbance events and avoid shifts to alternate states will be dependent on having the right functional composition of herbivores. Herbivory viewed from the system perspective essentially poses the question: What is the relative importance of the various herbivorous species to the system? The ability to understand the role and relative importance of herbivorous species requires an understanding of the quantitative impact that each species has and the area in which it exerts that functional impact. As recent reviews have emphasized, the current dataset of quantitative ecosystem impacts of individual taxa is limited (McManus & Polsenberg 2004) . A number of detailed studies have laid the foundations for this type of analysis, especially in the Caribbean (e.g. Lewis & Wainwright 1985 , Bruggemann et al. 1994 , 1996 where system level analyses are now possible (e.g. Mumby 2006 ). Indo-Pacific examples are largely restricted to measurement of parrotfish bioerosion (e.g. Bellwood et al. 2003 ) and algal ingestion rates of selected parrotfish, surgeonfish, or damselfish species (e.g. Polunin & Klumpp 1992 , Polunin et al. 1995 .
The limited dataset of measured ecosystem impacts for individual taxa partly reflects the historic tendency for herbivory to be viewed in terms of a uniform process (highlighted by Choat 1991). However, grazing by different groups of fishes can have different effects on the rate and trajectory of algal community succession (Hixon & Brostoff 1996 , Ceccarelli et al. 2005b suggesting that community change is species-dependent.
The challenge of reef management posed by the system-level approach requires researchers and managers to go beyond the acknowledgment of the overall importance of the herbivorous trophic grouping and investigate the quantitative functional impacts of individual components of that group. This will strengthen management in that it enables the identification, and thus, the support of critical components within the herbivore guild. This study provides a first step in this endeavour. The aims of the present study, therefore, were to: (1) quantify the contribution of individual species of roving herbivores to levels of disturbance across an Indo-Pacific reef depth gradient; (2) determine the relative importance of individual species of herbivore at this location; and (3) relate the observed disturbance impact to algal community composition across the reef gradient.
MATERIALS AND METHODS
Study site and species. The study was conducted between October 2005 and January 2006 at Orpheus Island (18°35' S, 146°20' E) in the inner shelf region of the Great Barrier Reef, Australia. Two sites at the north side of Pioneer Bay on the leeward side of the island were used in the study. Pioneer Bay displays a welldeveloped fringing reef with an extensive reef flat stretching approximately 150 m from the boulder shoreline to the reef crest. Within each site, 5 reef zones were defined (the slope, crest, inner, middle and outer flat) according to benthic composition. The inner reef flat was characterized by low coral abundance, patches of sand and high macroalgal abundance (particularly the pheophyte Sargassum). Coral cover was still low on the middle part of the reef flat where monospecific stands of the brown macroalgae Padina dominated. At the outer flat the consolidated substratum was covered by turf algae rather than macroalgae. Coral cover increased at the reef crest, but benthic cover was dominated by algal turf-covered consolidated pavement. The reef slope was defined by a 5 m depth limit and was characterised by high levels of sediment and detritus covered areas of dead coral substrate and coral rubble. These 5 zones formed the basis of the reef gradient referred to throughout this study. The fish species included in this study were roving (mobile) herbivorous and 'nominally' herbivorous (sensu Choat et al. 2002) members of the families Labridae (scarids), Acanthuridae, Siganidae, and Kyphosidae.
Roving herbivore distribution and abundance. Roving herbivore abundance and biomass across the study sites were estimated by conducting underwater visual censuses using SCUBA. Six censuses were conducted within each of the 5 zones at the 2 sites (n = 60). To minimize diver disturbance, censuses were based on 5 min timed swims along linear transects (the distances were subsequently calibrated using measuring tapes and marker buoys). They were performed by 2 divers simultaneously: one recording individuals greater than 10 cm total length (TL) in a 5 m wide transect; the other recording individuals 5 to10 cm TL in a 1 m wide transect (following Bellwood et al. 2003) . Fishes were grouped into 5 cm size classes for individuals greater than 10 cm and 2.5 cm size classes for individuals less than 10 cm. Herbivorous and nominally herbivorous members of the family Pomacentridae were included in visual censuses to obtain data on the abundance of territorial species that could potentially interfere with feeding patterns of roving herbivores. Due to difficulties identifying juvenile Scarus, all individuals less than 10 cm were placed in the category Scarus spp. Chlorurus spp. (C. sordidus and C. microrhinos) are readily identifiable as juveniles. All visual censuses were conducted within 2 h of the morning high tide to minimize any tide or time of day effects.
Abundance estimates were converted to biomass estimates using published length-weight relationships (Kulbicki et al. 2005 ) with fish length taken as the midpoint of the respective size class. Analysis of the species composition of herbivore biomass at the 2 sites revealed that 3 species (Scarus rivulatus, Chlorurus microrhinos and Siganus doliatus) made up an average of between 64 and 89% of the total biomass of roving herbivorous fishes within each zone (Figs. 1 & 2) . It was, therefore, decided to base the quantification of herbivory within Pioneer Bay on the impact of these 3 species, since they were the dominant component of the herbivore assemblage at the study sites.
Calculation of daily disturbance impact of an individual. For all 3 species, the quantification of impact was based on a measure of the total number of bites taken over a day multiplied by the size of an individual bite. The effect of body size on impact was taken into account by dividing individuals of each species into size classes and calculating each impact variable (number of bites per day and size of bite) separately for each size class. Scarus rivulatus individuals were divided into 3 size classes: small (5-10 cm), medium (11-25 cm) and large (> 25 cm); and Siganus doliatus individuals were grouped similarly: small (5-10 cm), medium (11-20 cm) and large (> 20 cm days across both sites. SCUBA based observations commenced at 06:15 h to capture the start of feeding activity and continued until 18:00 h. The sample unit was a 2 to 5 min observation period for each fish, with the diver recording the start time of the observation and the total number of bites taken over a measured time interval. Observations were discontinued if the fish showed a marked response to the diver. A total of 476 independent observations were made for S. rivulatus, 133 for C. microrhinos and 489 for S. doliatus.
To calculate the total number of bites taken in the day, the recorded feeding rate (standardized to bites min -1 ) was plotted against the time of day (in min) at which the observation had commenced. Following Bellwood (1995), a quadratic polynomial line was fitted to the data and the area under the line calculated by integrating the fitted equation from commencement to cessation of feeding. A value for the mean total number of bites taken in a day (± SE) by an individual of one size class of a species was calculated from an average of the values obtained for the 4 d of observations (3 d for Chlorurus microrhinos). Among-day variation was comparable to, or exceeded, that among samples (pooled over the 4 d) and, therefore, was selected as the primary source of variance to be incorporated when calculating compound variances.
The feeding action of Scarus rivulatus leaves a distinct grazing scar. For individuals greater than 15 cm TL, scars could be observed directly by divers and measurements of bite size were taken in the field. An individual was followed until the exact location of a bite could be seen. The TL of the individual was estimated and the maximum length (L max ) and width (W max ) of the feeding scar was measured using calipers. Measurements from whole and incomplete scars were taken in proportion to their occurrence on the reef. For fishes less than 15 cm TL, bite scars were too small to be observed directly in the field; therefore, laboratory methods were employed. Individuals were captured using a barrier net, measured (TL) and placed in aquaria with pieces of ungrazed turf-covered rock. After 3 d, the rocks were removed and the maximum length and width of observable bite scars were measured under a dissecting microscope. The area of reef grazed or 'scraped' by each S. rivulatus bite was calculated as the product of L max and W max of each scar. Mean bite areas for each size class were calculated by averaging bite area values recorded for all individuals belonging to small (n = 20), medium (n = 47) and large (n = 39) size classes. For Chlorurus microrhinos (previously called C. gibbus), we used the bite area value reported by Bellwood (1995) (169.99 mm 2 ± 18.05 SE). The sizes of the individuals on which this bite area estimate was based were comparable with those in the current study.
The size of an individual bite of Siganus doliatus was estimated following the methods of Klumpp & Polunin (1989) . A total of 30 fish were captured by net on a nearby reef flat (with similar algal distributions) between 09:00 and 13:00 h, anaesthetized and placed on ice shortly after capture. The increase in gut content volume with time of day was then plotted against the cumulative bite rate for the same period. A regression line was fitted to the data to obtain a relationship between the number of bites taken and the gut content volume from which the mean volume ingested per bite could be calculated (the contents were overwhelmingly dominated by algae, although some attached sediment may have been included).
Total impact of a species across the reef gradient. The quantitative daily impact of an individual of each size class for each of the 3 species was calculated separately as the product of the mean bite size and the mean number of bites per day. This individual impact variable was then multiplied by the mean abundance of each size class obtained by visual census, giving a population-level estimate of the impact for that size class of that species per m 2 in each of the 5 reef zones. The abundance of Scarus rivulatus <10 cm was represented by Scarus spp. resulting in a small, but functionally insignificant, over-estimation of the impact of small S. rivulatus (adult S. rivulatus accounted for 88% of Scarus spp. at the study sites and it is assumed that juveniles would be a similarly dominant proportion).
For each species, the impacts of the 3 size classes were summed to give an overall estimate of the daily population impact of that species across each of the 5 reef zones. Compound error terms for the impact variables for each size class were calculated using an expanded 3-term version of Goodman's estimator (following Bellwood 1995). Goodman's estimator weights the variability associated with each variable in proportion to the relative size of the means of the other variables that make up the product 'impact'. Overall error terms for each species were calculated by summing error terms of the individual size classes (following Bruggeman et al. 1996) .
Census of benthic composition. Benthic cover in each reef zone was quantified using a line intercept method. A 10 m transect tape was laid haphazardly across the reef substratum. A diver recorded the nature of the substratum directly underneath the tape at each 1 m interval and at points 1 m perpendicular to the left and right of the tape. Substratum type categories were: live coral, dead coral, turf algae (<10 mm thallus height), macroalgae (>10 mm thallus height), damselfish territory, crustose coralline algae, and sand. A total of 6 replicates were conducted in each of the 5 reef zones at each site (n = 60). Data are presented as grazing rates m -2 . However, it is noted that although some species feed on sand (Russ 1984) , the proportion of sand or coral and surface topographic complexity may modify realized feeding intensities on algal covered surfaces.
Analyses. Total abundance of herbivores across the reef zones was compared using a 2-way ANOVA, with Site and Zone as fixed factors. Assumptions of normality and homogeneity of variance were inspected via residual plots and the data were square-root transformed to meet the assumptions. Total biomass of herbivores across the reef zones was similarly analysed, with a log(x + 1) transformation applied to the data to meet the ANOVA assumptions. Where differences in abundance or biomass between reef zones were found to be significant, Student-Newman-Keuls post hoc tests (SNK) were carried out to investigate those differences.
For each of the 3 dominant species of herbivore, differences in daily impact across the reef gradient (zones) were compared using a 1-way ANOVA (no significant effect of site on herbivore abundance had been detected). To make statistical impact comparisons, the compound variance associated with the impact value calculated as a product of means had to be deconstructed. The variance associated with bite size and number of bites per day was removed, since this was common across zones. Impact variables for each size class of each species were recalculated based on the mean bite size and mean number of bites per day, but multiplied by individual replicates of abundances obtained from the visual censuses. Data for each species were square-root or log-transformed as necessary to meet ANOVA assumptions of normality and homoscedasticity. Significant differences in the mean impact level between reef zones were investigated with post hoc tests (SNK).
Monthly (28 d) population impacts across the reef gradient for the 2 scarid species (Scarus rivulatus and Chlorurus microrhinos) were summed to give an impact estimate at the family level. The relationship between the impact of each group of grazers and the relative abundance of macroalgae across the reef gradient (excluding the reef slope) was then investigated using 2 bivariate correlations.
RESULTS

Distribution of herbivore abundance and biomass
A total of 27 species of roving herbivores were reported in the visual censuses. At the assemblage level there were no effects of site on either the total abundance (square-root transformed) (ANOVA, F 1,50 = 1.617, p = 0.209) or the total biomass of herbivores (log [x + 1] transformed) (ANOVA, F 1,50 = 2.335, p = 0.133). There was also no significant interaction between the 2 factors of Site and Zone for either abundance (ANOVA, F 4,50 = 0.621, p = 0.650) or biomass (ANOVA, F 4,50 = 0.420, p = 0.794), suggesting that the site effect did not vary across the reef gradient. Data were therefore pooled across the 2 sites for presentation (Fig. 2) .
Total herbivore abundance varied significantly across the reef zones (ANOVA, F 4,50 = 14.813, p < 0.05) (Fig. 2a) . SNK tests revealed a significantly higher mean abundance of herbivores on the reef crest (0.18 ind. m -2 ± 0.03 SE) and outer flat (0.15 ± 0.03), than on the slope (0.07 ± 0.02), middle flat (0.04 ± 0.01) and inner flat (0.02 ± 0.01) (Fig. 2a) . From the reef crest to the inner reef flat there was an 8-fold decrease in the abundance of herbivores observed.
The distribution of herbivore biomass also showed significant variation across the reef gradient (ANOVA, F 4,50 = 22.096, p < 0.05) (Fig. 2b) . This decrease was pronounced with an average 240-fold difference in the biomass between the reef crest and the inner reef flat (Fig. 2b) . Although the abundance of herbivores at the outer flat was similar in magnitude to that observed at the reef crest, the assemblage was composed predominately of juvenile scarids 5 to 10 cm in length. This group contributed little in terms of biomass and resulted in the outer flat displaying a total biomass level of only 9.5 g m -2 (± 2.8 SE), which was statistically similar to the level of biomass on the reef slope (Fig. 2b) . The middle flat and inner flat formed a third statistically homogenous subset, displaying almost insignificant levels of herbivore biomass (Fig. 2b) .
The biomass of the 27 species of roving herbivorous fishes observed in visual censuses was dominated by 3 species, Scarus rivulatus, Chlorurus microrhinos and Siganus doliatus (Fig. 2b) . At the reef crest these 3 species made up an average of 89% of the total biomass of roving herbivores (vs. 80% on the reef slope and 64% on the outer reef flat). Territorial damselfish averaged 0.38 (± 0.03 SE) ind. m -2 on the reef crest compared with 0.46 (± 0.07) on the middle reef flat and 0.43 (± 0.08) on the inner reef flat.
Impact of an individual
Feeding rates varied widely among species (Table 1) . Scarus rivulatus individuals had consistently high bite rates irrespective of the size class (approximately 13 000 to 15 000 bites d The impact of an individual bite of Scarus rivulatus in terms of area of reef grazed increased substantially with the length of the individual. A bite from a large (> 25 cm TL) fish grazed, on average, a 69.5 mm 2 (± 4.2 SE) area of reef, which was more than double the average impact of a medium-sized (11-25 cm TL) fish of 27.8 mm 2 (± 2.7). The mean area grazed by a small (5-10 cm TL) individual was just 2.9 mm 2 (± 0.5). Similarly, the volume of material removed from the reef in a single bite by Siganus doliatus increased substantially with fish size. A large individual (> 20 cm TL) removed, on average, 7.4 mm 3 (± 0.5 SE) of material per bite, more than 3 times the average volume of 2.1 mm 3 (± 0.2) removed by medium sized fishes. Again, the impact of small (5-10 cm TL) individuals was minimal, with a mean volume of just 0.12 mm 3 (± 0.03) per bite.
Overall system impact
For each species the estimated grazing impact in a particular zone showed significant variation across the reef gradient (Fig. 3, Table 2 ). All 3 species were found to exert a significantly higher impact on the reef crest, although in the case of Scarus rivulatus the impact at the outer reef flat was not significantly different (Fig. 3a) . For both Chlorurus microrhinos and Siganus doliatus the middle and inner reef flat formed a homogenous subset with significantly lower grazing impact than observed for the other reef zones (Fig.  3b,c) . For C. microrhinos the outer reef flat was also found to experience an almost insignificant impact in terms of grazing, meaning that only the reef slope and crest were found to be subject to a significant amount of grazing by this species (Fig. 3b) .
For the population of Scarus rivulatus, estimates of the monthly impact showed that each square metre of reef area on the crest would be grazed, on average, once during that period (Fig. 3a) . In contrast, an average of just 27% (±12% SE) of each square metre patch of reef on the slope and only 1.3% (±1%) on the inner reef flat would be grazed (Fig. 3a) . The impact of S. rivulatus at the reef crest was driven primarily by the grazing of large individuals despite their lower abundance compared with the other size classes (Fig. 4a) . At the outer flat, medium sized individuals dominated both in terms of abundance and grazing impact, with the high abundance of small individuals making only a small contribution to grazing impact (Fig. 4a) . The areal impact of Chlorurus microrhinos at the crest inferred from presence meant that, on average, almost 40% (±12% SE) of each square metre patch of reef would be subject to grazing over the month (Fig. 3b) . The volume of algal material removed from the reef crest by the dominant cropper of algae within the system, Siganus doliatus, was calculated to be, on average, 26 cm 3 (± 8.2) over the month compared with an average rate of removal of just 0.3 cm 3 (± 0.1) per month on the inner flat (Fig. 3c) . The impact of S. doliatus at the slope, crest and outer reef flat was driven by the feeding of medium-sized individuals, while large individuals contributed a significant proportion of algal removal on the slope and reef crest (Fig. 4b) .
Relationship between herbivore impact and distribution of macroalgae
Species of macroalgae observed on the inner and middle reef flat in Pioneer Bay included the phaeophytes, Sargassum and Padina, and the calcified chlorophyte, Halimeda opuntia. At the outer flat the rhodophyte, Galaxaura rugosa, was predominant. Overall, macroalgal cover was very high on the inner and middle reef flats, covering an average of 41% (± 2.8% SE) and 38% (± 2.1%) of the substratum, respectively (Fig. 5, Table 3 ). At the reef crest, macroalgal cover dropped to just 1.5% (± 0.6%) (Fig. 5) . This decrease in macroalgal cover across the reef gradient was negatively correlated with both the feeding impact of the 2 scarid species (Pearson's r = -0.991, p < 0.05) and the impact of Siganus doliatus (Pearson's r = -0.965, p < 0.05) (Fig. 5) . The variability in macroalgal abundance appeared to be dominated by the feeding impact of the 2 scarids (partial correlation, r = -0.932, p < 0.05) rather than the siganid (partial correlation, r = 0.7064, p = 0.501).
A significant negative correlation was observed between the estimated impact of the 2 scarid species, Scarus rivulatus and Chlorurus microrhinos, and the abundance of macroalgae across the reef flat and crest (Pearson's r = -0.991, p < 0.05) (Fig. 5) . A significant negative correlation was also observed between the impact of Siganus doliatus and abundance of macroalgae across the reef gradient (Pearson's r = -0.965, p < 0.05) (Fig. 5) 
DISCUSSION
The strong negative relationship between macroalgal abundance and herbivore impact recorded across the reef depth gradient in Pioneer Bay provides a clear quantification of potential herbivore-mediated disturbance. Although previous workers have recorded comparable patterns in the Caribbean (e.g. Hay et al. 1983 , Lewis & Wainwright 1985 , the present study provides a detailed quantification of potential grazing intensity across an Indo-Pacific reef gradient. The decline in herbivore impact across the reef flat showed a strong concordant pattern in all 3 dominant fish species despite their different sizes, feeding modes and phylogenetic affinities. The impact of Scarus rivulatus increased 109-fold from the inner flat out to the reef crest, the impact of Siganus doliatus increased 83-fold and the impact of Chlorurus microrhinos was concentrated almost entirely at the crest with no impact on the inner flat.
Several hypotheses have been proposed to explain the observed differences in grazing impact across reef depth gradients, including several factors that could potentially limit grazer access to the reef flat and create a 'spatial refuge' from herbivory (Hay 1981a ). These factors include: the energetic costs of dealing with high wave energy (Hay 1981b) ; the physical constraints of the tidal regime providing sufficient access to the habitats (Burrows 1994); the effect of territorial fishes such as pomacentrids (Ceccarelli et al. 2005b) ; or the lack of availability of refuges from predation on the topographically simple reef flat (McCook 1997) .
No experimental evidence has yet established the relative importance of these factors in driving the observed patterns. However, in the present study the relative impact of some of these factors can be evaluated. For example, Pioneer Bay, on the leeward side of an inshore reef, represents the lowest end of the wave energy spectrum (Bellwood & Wainwright 2001) making it unlikely that energetic costs are a major factor in keeping herbivores from the nearshore region. Moreover, the reef crest and reef flat experience the highest levels of flow velocity (Fulton & Bellwood 2005) and should have the lowest herbivore activity. Clearly, therefore, energetic constraints on herbivores from wave action are not a significant factor affecting herbivore impacts in Pioneer Bay.
Tidal emergence curves for Pioneer Bay suggest that, over the whole tidal cycle, the inner reef flat may be exposed for up to 30 to 40% of the day, compared with 20 to 25% for the outer reef flat and just 5% for the reef crest (cf. Kenny 1979) . Hence, it is likely that lack of access to the reef habitats in question may limit the extent to which grazing can take place. However, the quantification of herbivore impacts in this study 56 Fig. 5 . Relationship between (a) the percentage (± SE) macroalgal cover and (b) the measured monthly impact (± SE) of the 3 dominant species of herbivorous fishes across the reef gradient at Pioneer Bay was based on fish abundance conducted at high tide, in order to eliminate such effects. Even at high tide, therefore, potential herbivore impact based on biomass showed a 240-fold decrease across the reef flat (versus a 2-fold decrease in availability). This difference suggests that whilst physical constraints related to water level may contribute to relative levels of herbivory, they are unlikely to be driving the inferred patterns of herbivory across the reef. Territorial damselfish have been reported to reduce rates of feeding by herbivores by attacking individuals and prematurely terminating feeding forays (Robertson et al. 1976) . However, abundances of species of pomacentrids known to display territorial behaviour recorded during this study did not show a dramatic increase on the nearshore reef zones that could account for the observed differences in herbivore impact (crest 0.38 m ). Thus, although pomacentrids may reduce levels of herbivory, their impact is probably relatively even across the reef gradient and is unlikely to be driving the observed differences in herbivory (cf. Ceccarelli et al. 2005a) .
The idea that the reef flat, because of its limited topographic complexity, represents an uninviting habitat in terms of predator avoidance may explain the lower biomass of herbivores in the nearshore zones. Although no instances of predation were witnessed, the presence of large piscivores such as Caranx ignoblis, Carcharinus melanopterus and Triaenodon obesus on the reef flat was noted, along with aerial avian predators including Pandion haliaetus, Haliastur indus and Haliaeetus leucogaster. The suggestion that there may be a causative relationship between the lack of predator refuges and the low levels of herbivore impact, although not observed, could be valid.
An alternative to these hypotheses relates to algal quality across the gradient. Several studies have found decreasing productivity of algae with distance from the reef crest (e.g. Klumpp & McKinnon 1992 , Russ 2003 . Russ (2003) also demonstrated a correlation between algal productivity and herbivore biomass across a reef gradient. Levels of herbivore impact could, however, be either cause or consequence of the patterns of algal productivity over the reef (Russ 2003) . The higher levels of algal productivity observed in areas closer to the reef crest may be a result of the fishes congregating in those zones (for reasons including those outlined above) and subjecting the reef to higher levels of grazing intensity. Increased intensity of grazing increases the productivity of vegetation in freshwater systems (Porter 1976) . However, as Russ (2003) pointed out, the almost 3-fold differential in algal productivity measured across a reef on the Great Barrier Reef was much greater than any productivity increase previously recorded from experimental manipulations of herbivore grazing, suggesting that grazing intensity alone could not be driving the observed patterns of productivity.
The higher levels of herbivore biomass observed at the reef crest may, therefore, represent a consequence of differences in algal productivity rather than a cause. Fishes may be responding to higher food quality in this zone. This may also apply to those 'herbivorous' species that use detrital resources, which also concentrate in the crest region (Purcell & Bellwood 2001 , Wilson et al. 2003 . Rather than the influence of tidal regime or relative habitat safety, the pattern of herbivore grazing across the reef gradient may be attributable to the fact that the reef crest has more to offer the discerning forager in terms of nutritional quality. At present, the relative importance of these alternative factors, predation rate versus food quality, remains to be determined.
Regardless of the factors shaping herbivory, the level of disturbance received by an area in terms of herbivore grazing activity can influence the path of algal succession (Steneck 1988) . Within coral reef systems, the removal of herbivores, either via artificial caging experiments or through impacts of overfishing and disease, has been associated with the development of benthic communities dominated by late successional stage species of macroalgae (Hughes 1994 , Smith et al. 2001 . The impact of herbivores on algal communities can, therefore, be recast as a disturbance force (Steneck 1988) . Certain levels of disturbance (measured in terms of intensity and frequency) generate predictable algal community assemblages (Steneck et al. 1991 , Steneck & Dethier 1994 . The intensity with which a particular area of reef is grazed is a function of the feeding rate of each species, the bite size (size of mouthparts), nature and quantity of material removed and the foraging behaviour or relative mobility of the herbivore (Carpenter 1986 , Steneck 1988 . This model necessarily represents a simplification of the complex interaction between specific herbivores and the algal community (Carpenter 1986 ); however, it remains a useful framework for considering the effect of changing levels of herbivory on algal community succession.
Models of algal community succession predict that low grazing intensity will lead to the development of climax communities characterized by slow growing taxa such as Sargassum spp. and Padina spp. (Steneck & Dethier 1994 , McClanahan 1997 . The gradient in grazing intensity across the reef measured in this study is certainly marked. At the daily bite rates recorded, each square metre patch of reef would be grazed by scarids once every 19 d on the crest, but only once every 5.5 yr on the inner flat. Seen in these terms, the correlation between low herbivore disturbance levels on the inner and middle reef flats and high levels of macroalgae in these areas appears to support the herbivore-induced disturbance model of algal community composition proposed by Steneck & Dethier (1994) . However, it is stressed that causality has not been demonstrated and other factors such as nutrient concentration may also play a role in shaping the distribution of macroalgae (Schaffelke 1999 ; see also Bellwood et al. 2006) .
The size of the gradient in herbivore impact quantified for Pioneer Bay is interesting as it may provide an example of an extreme end of the spectrum in herbivore impact differentials in the context of reefs on the Great Barrier Reef. The herbivore biomass contributing to the differences in disturbance impact on the reef crest in Pioneer Bay was more than 2.5 times that observed on the reef slope, almost 40 times that observed on the middle flat and more than 240 times greater than that observed on the inner reef flat. These differences across the reef gradient are more extreme than those reported by Russ (2003) for an outer shelf reef on the Great Barrier Reef where the biomass of herbivores on the reef crest was 7 times greater than that on the reef slope and 2.3 times greater than on the reef flat. The greater extremes measured for an inner shelf in Pioneer Bay may, in part, provide an indication of why these reefs display greater macroalgal development than outer shelf reefs on the Great Barrier Reef.
Finally, in relation to the particular location studied, the results highlight the fact that the biomass of herbivores within Pioneer Bay is dominated by 3 species: Scarus rivulatus, Chlorurus microrhinos and Siganus doliatus. These 3 species represent 3 distinct functional groups in terms of their feeding behaviour. S. rivulatus is classified as a scraper of the reef substratum (Bellwood & Choat 1990 ), C. microrhinos as a bioeroder of reef substrata (Bellwood & Choat 1990 ) and S. doliatus a cropper of turf algae (Russ 1984) . These 3 functional groups have been identified by Bellwood et al. (2004) as playing critical roles in the ability of reefs to deal with large scale disturbance events such as bleaching, disease and cyclones.
The abundances of these 3 species in comparison with that of their functional equivalents suggests that the system in Pioneer Bay relies heavily on just one species within each functional group. Based on the low abundances of functional equivalents such as Scarus schlegeli (a scraper), Chlorurus sordidus (a bioeroder) and Siganus puellus (a cropper) observed within Pioneer Bay during this study, it could be argued that the system currently displays limited functional redundancy. Maintenance of the benthic community composition appears to be heavily reliant on these 3 species. It is usually assumed that reefs of the Great Barrier Reef, by virtue of their species richness, display considerable functional redundancy (McManus & Polsenberg 2004) . However, the species breakdown of biomass recorded in Pioneer Bay revealed that even diverse systems, such as this one, may rely heavily on a small number of species to perform specific functions. If this is the case, then for certain reefs, identification of management protection priorities down to the species level may be vital (cf. Bellwood et al. 2003 (cf. Bellwood et al. , 2006 .
Variation among reef herbivores has been known for many years (e.g. Hatcher 1981 , Lewis 1985 , Carpenter 1986 , Choat 1991 . Only now has the critical importance of such variation come to the fore with the global threats to coral reefs, the prevalence of coral-algal phase shifts, and the need to understand the basis of reef resilience In this context, understanding the absolute quantitative nature of interactions at the species level is critical. This includes an appreciation of the effect on the system of individual components of the guild in terms of feeding rates, foraging behaviour, bite size and feeding selectivity. Only then can managers start to understand how spatial variation in herbivore distribution might be driving variation in algal community composition and, ultimately, reef resilience.
